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Venous Return With Head-Up Tilting 
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Objectives. The study sought to probe whether the adaptation of 
the right ventricle to reduced preload may influence that of the left 
ventricle (interdependence) and whether and how this mechanism 
contributes to maintain an adequate pump function. 
Background. A study like this requires that subjects be normal, 
restraint of venous return be gradual, systolic function and 
diastolic filling and dimensions of either ventricle be monitored. 
Methods. Of 30 healthy men (mean [+-SD] age 35 -+ 7 years) 
studied with Doppler echocardiography, 20 were studied in the 
supine position and after 20 °, 40 o and 60 ° tilting for 10 min; the 
remaining 10 subjects were also studied at the same levels of 
tilting for 45 rain. 
Results. At 20 ° , heart rate, blood pressure and stroke volume 
were steady; the diastolic right ventricular area was reduced (p < 
0.001); and the end-diastolic dimension of the left ventricle did not 
vary. Tilting at 40 ° and 60 ° increased heart rate and diastolic 
pressure, decreased systolic pressure and stroke volume and 
reduced the diastolic dimensions of both ventricles. At any tilting 
level, right and left peak early inflow velocities (E) were decreased, 
peak late velocities (A) were unchanged, and E/A ratios were 
reduced, suggesting that the atrial-ventricular pressure difference 
was diminished bilaterally and that the atrial contribution to 
ventricular filling was maintained. Tachycardia at 40 ° and 60 ° 
tilting was not associated with enhancement of left ventricular 
fiber fractional shortening or mean velocity of shortening for any 
corresponding end-systolic wall stress; changes in heart rate also 
did not correlate with those in fiber fractional shortening and 
velocity of shortening. The adaptive responses to the same degrees 
of tilting for a duration of 45 min were comparable to those at 
10 min. 
Conclusions. With moderate r straint of venous return, the left 
ventricle maintains filling and output in response to a reduction 
in right ventricular diastolic volume, which increases left ventric- 
ular compliance (interdependence), and to the pulmonary blood 
reservoir, which compensates for an immediate decrease in right 
ventricular stroke volume. The decreased lung blood volume 
would facilitate right ventricular ejection, resulting in a normal 
stroke output despite the reduced preload. Thus, mechanical 
adjustments fully compensate for moderate reduction of venous 
return. A more severe reduction requires chronotropic support for 
the maintenance of cardiac output. With prolongation of tilting 
time to 45 min, adaptive mechanisms do not become xhausted in
normal persons. 
(J Am Coil Cardiol 1995;26:1732-40) 
This study evaluated the adaptive response of the two ventri- 
cles to different degrees and durations of impedance tovenous 
return resulting in preload reduction. The effects of reduced 
preload are not a new field of investigation. Vena cava 
obstruction (1-3), administration of vasodilators (4-6), limb 
venous occlusion with cuff inflation (7), lower body negative 
pressure (8,9) and changes in posture (10-13) all reduce 
venous return to the heart and have been used to diminish 
preload. 
In most previous studies, preload reduction was synony- 
mous with left ventricular preload reduction. This appears to 
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be a conceptual limitation in experimental settings in which 
cardiac unloading is produced by reducing venous return. 
Impedance to venous flow, in fact, necessarily implies involve- 
ment of the right ventricle, and changes on this side of the 
heart precede (10) those occurring on the left side. These 
simple considerations draw attention to a concept overlooked 
in previous tudies: The heart is a single functional unit (14,15) 
whose major feature is a ventricular interdependence. In 
relation to this concept, two questions deserve clarification: 1) 
Do variations in preload on one side of the human heart 
influence adaptation of the other side (10) to the same 
stimulus? and 2) Does the mechanism of ventricular interde- 
pendence participate--and what is its importance--in the 
maintenance of an adequate pump function during increasing 
restraint of venous return? 
Investigation of these questions requires that impedance to
venous return be gradual--a condition obtainable with step- 
wise increases in degree of head-up tilting--and that changes 
involving systole and diastole be monitored on both sides of 
the heart. The study was designed to acquire physiologic 
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information, the subjects were healthy volunteers and the 
methods used were noninvasive. 
Methods 
Study group. Thirty healthy men agreed to participate in 
this study; all were students or hospital or university staff 
members or their relatives. They had a mean age _+ SD of 35 _+ 
7 years; their mean weight and height were 77 _+ 8 kg and 
173 + 9 cm, respectively. They were nonsmokers, had no 
history of cardiovascular o  lung disease and had normal 
aerobic apacity. 
Results of physical examination, chest X-ray study, blood 
chemistry determinations, electrocardiogram (ECG) and echo- 
cardiogram (including pulsed Doppler and color Doppler 
examinations) were within normal limits. No subject was taking 
cardioactive or vasoactive drugs, had varicose veins, diabetes 
or evidence of neuropathy, cardiac hypertrophy or arrhyth- 
mias; none could be considered a professional sportsman. 
Upright tilt test protocol. After an overnight fast, subjects 
underwent tilting between 9:00 AM and 11:00 AM in a quiet 
temperature-controlled environment (21 ° to 23°C) with sub- 
dued lighting. A three-lead ECG and blood pressure monitor- 
ing were instituted; a motorized cantilevered table with foot 
support and antislip mattress was used for head-up tilting; 
heart rate was monitored continuously and 15- to 30-s ECG 
recordings (speed 25 ram/s) were obtained every minute 
throughout the study; blood pressure and heart rate were 
measured at 1-min intervals with the Dinamap system (Cri- 
tikon), which computes blood pressure over a period of 15 to 
30 s. Subjects were instructed to avoid straining of muscles 
during the tilt. Although they were not strapped to the tilting 
table, the tilting maneuver was considered a passive change of 
posture. 
In 20 consecutive subjects" (group I), the following tilting 
protocol was used. After 15 rain of recording in the supine 
position the subject was tilted to a 20 ° position for 10 rain. He 
was then returned to the horizontal position and allowed to 
reach a steady state (-15 min) before a further set of 
measurements was made. The protocol was repeated at the 
successive stages in the 40 ° and 60 o upright position. Records 
were made within the 1st rain of the initiation of head-up 
tilting and after 10 min. 
In the remaining 10 men (group 2), the tilting protocol was 
more comparable tothat used in clinical studies and was aimed 
to investigate whether the adaptive mechanisms become x- 
hausted over time and to determine any acute changes that 
prelude fainting. After 15 min of recording in the supine 
position, subjects were tilted for 45 min to 20 °, 40 ° and 60 °, 
respectively, on 3 consecutive days. Measurements were made 
at 10 and 45 min. We did not use a tilt >60 o because that angle 
would have achieved -90% of the maximal vertical displace- 
ment while allowing the subject o remain relaxed against he 
table. 
Echocardiographic and Doppler recordings. A commer- 
cially available phased array echocardiographic-Doppler sys- 
tem (Mod Sonos 1000, Hewlett-Packard) was used, which has 
2.5- or 3.5-MHz transducers for M-mode and two-dimensional 
echocardiography and 2.0- or 2.5-MHz transducers for Dopp- 
ler echocardiography. Two-dimensionally directed M-mode 
echocardiograms were recorded of the septum and left ven- 
tricular posterior wall immediately below the mitral valve 
leaflets from a parasternal short-axis window. A two- 
dimensional pical four-chamber view was also recorded. 
The combined Doppler-echocardiographic monitoring was 
performed by using a 2.5-MHz pulsed Doppler imaging trans- 
ducer with a sample window of 3 x 2 mm 2, together with the 
ECG and phonocardiogram (using a 100-Hz filter at 12 
dB/octave with a contact microphone applied to the precordi- 
um). The subject lay in a very slight left lateral decubitus 
position (16) and measurements were made using a paraster- 
nal long-axis plane, an apical four-chamber plane or a modified 
position midway between the apex and the parasternal long- 
axis planes. The latter position was most often used to assess 
tricuspid valve flow. The sample window was placed just distal 
to the tips of the open atrioventricular valves with minor 
adjustments made until maximal peak flow velocities with a 
narrow spectrum were reproducibly obtained. The angle be- 
tween the interrogation beam and the apparent direction of 
blood flow was judged to be <20 ° in all instances, and no 
correction factor was used. Care was taken to ensure that the 
sample volume position remained constant for examinations at 
each heart rate. Tricuspid inflow was derived from the average 
of all cycles throughout the respiratory cycle (17,18). Because 
there was little important variation in mitral flow with respira- 
tion (18), the average from any six clear cardiac cycles was 
taken. The beginning of inspiration and expiration was marked 
on the recording. 
Left ventricular isovolumetric relaxation time was mea- 
sured from aortic valve closure on the phonocardiogram to the 
start of mitral flow. Recordings were made at a paper speed of 
50 mm/s for velocity measurements and 100 mm/s for isovolu- 
metric relaxation time. 
Echocardiographic analysis. With a computer analysis ys- 
tem (Kontron, Milan, Italy) interfaced with a digitizing table, 
the left ventricular posterior and septal endocardial surfaces of 
six consecutive cardiac ycles were digitized at a level imme- 
diately below the mitral valve leaflets. Individual variables 
obtained from each cardiac cycle were averaged. They in- 
cluded the left ventricular end-diastolic (LVEDD) and end- 
systolic (LVESD) dimensions and wall thickness (19). Systolic 
variables included stroke volume, calculated as the velocity- 
time integral of the systolic velocity spectrum recorded in the 
outflow tract of the left ventricle times the subvalvular area of 
the outflow tract (20); fiber shortening fraction, calculated as 
[(LVEDD - LVESD) / LVEDD] x 100; mean velocity of fiber 
shortening, calculated as [(LVEDD - LVESD)/(LVET / 
LVEDD)] (21), where LVET is left ventricular ejection time 
measured from Doppler recording of left ventricular outflow 
tract velocities; end-systolic wall stress (expressed in dynes/ 
cm" x 103), calculated as a measure of afterload using a 
catheter-validated method (22) as end-systolic meridional wall 
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Table 1. Hemodynamic Variables in Group 1 Subjects in the Supine Position and at Different Degrees of Head-Up Tilting 
20 ° Tilt 40 ° Tilt 60 ° Tilt 
Supine I min 10 rain 1 min 10 min 1 min 10 min 
Heart rate (beats/min) 64 - 7 67 _+ 7 68 + 9 69 - 8* 72 _+ 7t 78 -+ 9t 80 -+ 8t 
Arterial pressure (ram Hg) 
Systolic 118 - 5 117 + 5 114 _+ g 112 + 12 111 _+ 7* 112 + 13 111 _+ 9* 
Diastolic 811 ~ 4 80 + 5 80 + I(I 81 = 8 87 _+ 9* 87 + 12" 88 + 9* 
Stroke volume (ml) 75 - 18 66 ± 21 66 ± 18 60 : 21t 55 -+ 14t 60 _+ 16t 52 _+ 17t 
Cardiac output (ml/'min) 4.800 - 1.41111 4,420 _+ 1.400 4,480 + 1,3(X~ 4,140 ± 1,400" 4,000 _+ 900* 4,680 _+ 1,200 4,!60 _+ 1,400' 
*p < 0.05, tp < 0.001 versus supine. Data arc presented as mean value + SD. 
stress : 0.334 (SBP)(LVESD)/(PW[1 ~ (PW/LVESD)], 
where SBP is systolic blood pressure and PW is posterior wall 
thickness. The right ventricular area at end-diastole was mea- 
sured from two-dimensional images by using a cine-loop 
display (23). 
Doppler analysis. Off-line quantitation of the Doppler 
recordings was performed with a computer-integrated digitiz- 
ing pad and specifically designed software. Flow profiles for six 
consecutive representative cardiac cycles were analyzed by 
tracing the darkest portions of the spectral printout and 
averaging the values. Peak early inflow velocity (El, peak late 
atrial velocity (A), ratio of early to late peak atrial velocity 
(E/A), early deceleration slope, integrated velocities for total E 
and A filling, were measured. The percent of total flow velociff 
integral contributed by A was also evaluated. Tracing of 
integrated velocities was performed by extension of the diag- 
onals to the baseline from the upsloping and downsloping 
portions of E and A filling profiles. 
Echocardiographic reproducibility. All studies were re- 
viewed by two independent echocardiographers. The intraob- 
server variability (comparing paired readings obtained by the 
same observer on two separate occasions) was 8%; interob- 
server variability. (comparing results obtained and analyzed by 
two observers for the same subject) was 12%. 
Statistical analysis. Data are expressed as mean value _+ [ 
SD. The significance of differences between serial measure- 
ments was assessed by using repeated-measures analysis of 
variance and Newman-Keuls multiple comparison procedure. 
Linear correlation analysis was also used. Differences at the 
level of p < 0.05 were considered statistically significant. 
Resu l ts  
No subject experienced symptoms or discomfort when 
supine or during head-up tilting in the study. In group 1, data 
were collected 1 and 10 rain after head-up tilting; differences 
between these estimates were statistically not significant at any 
degree of tilting. To simplify the presentation and discussion, 
only the results at 10 rain are reported. In group 2, measure- 
ments in the supine position were performed on 3 consecutive 
days; because of excellent reproducibility, the data of day 1 are 
taken as representative. 
Hemodynamic data and left ventricular systolic perfor- 
mance. Group I. In group 1 (Table 1). baseline heart rate in 
the supine position averaged 64 - 7 beats/min; systolic and 
diastolic pressure averaged 118 _+ 5 and 80 _+ 4 mm Hg, 
respectively; stroke volume averaged 75 _+ 18 ml, and cardiac 
output averaged 4,800 + 1,400 ml/min. These variables were 
not significantly altered by head-up tilting at 20 ° . Positioning at 
40 ° resulted in a significant increase from baseline of both 
heart rate (to 72 + 7 beats/rain, p < 0.001) and diastolic 
pressure (to 87 _+ 9 mm Hg, p < 0.05) and in a decrease of 
systolic pressure (to 111 _+ 7 mm Hg, p < 0.05), stroke volume 
(to 55 _+ 14 ml, p < 0.001) and cardiac output (to 4,000 + 
900 ml/min, p < 0.05). Changes at 60 ° head-up tilting were 
similar to those observed at the previous step; heart rate 
increased to 80 + 8 beats/min, a value significantly different 
from baseline but not from the 40 ° step (Table 1). 
When mean velocity of fiber shortening and fiber shorten- 
ing fraction recorded at baseline and at 20 ° , 40 ° and 60 ° tilting 
were plotted against he corresponding values of end-systolic 
wall stress (Fig. 1), values at any degree of vertical position 
were scattered among those at baseline, suggesting that 
changes in posture did not significantly alter the relation 
between left ventricular afterload and systolic performance. 
There was also no significant relation between changes from 
baseline in heart rate and variations in velocity of fiber 
shortening and shortening fraction (Fig. 1), suggesting that left 
ventricular systolic performance did not vary in parallel with 
heart rate when venous return was impeded. 
Group 2. In group 2 (Table 2) the responses of heart rate, 
blood pressure, stroke volume and cardiac output at 10 rain 
after 20 °, 40 ° and 60 ° tilting were qualitatively similar to those 
in group 1. Fractional shortening in this group did not vary in 
parallel with heart rate and prolongation of the stimulus to 
45 rain did not significantly alter these responses. 
Comparison of right and left ventricular dimensions. 
Group 1. When subjects in group 1 were supine, left ventric- 
ular end-diastolic diameter averaged 46 + 3 mm and the 
diastolic area of the right ventricle averaged 17 _+ 5 cm 2. 
During 20 o head-up ositioning (Fig. 2), right ventricular area 
averaged 14 _+ 3 cm 2, an 18% decrease from baseline (p < 
0.0011; this reduction was not associated with changes in the 
diastolic dimension of the left ventricle. With further increases 
in the angle of tilting there was a stepwise in significant 
shrinking of the right ventricular diastolic avity. Examples of 
right ventricular images obtained before and after various 
levels of tilting are shown in Figure 3. The left side of the heart 
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showed a similar trend even though differences from baseline 
in diastolic dimension were significant (p < 0.05) only at the 
60 ° step (from 46 + 3 mm to 41 _+ 4 mm). Left ventricular 
end-systolic diameter was not significantly affected during the 
study (Fig. 2). 
Group 2. Results in group 2 were comparable to those in 
group 1 at both 10 and 45 min after tilting (Table 2). 
Comparison of right and left ventricular filling. Group i. 
In group 1, baseline left ventricular peak E velocity averaged 
0.81 _+ 0.12 m/s and right ventricular peak E velocity averaged 
Figure 1. Group 1. Upper panels, Plot of left ventricular end-systolic 
wall stress versus mean midwall velocity of circumferential fiber 
shortening (Vcf) (left) and fractional shortening (FFS) (right). Lower 
panels, plot of changes in heart rate from the supine position at any 
degree of tilting versus changes in left ventricular mean midwall 
velocity of circumferential fiber shortening (left) and fractional short- 
ening (right). At any degree of tilting, values for circumferential fiber 
shortening and fractional shortening are similar to those in the supine 
position for any corresponding stress. Muscle fiber shortening charac- 
teristics are not related to heart rate. b = beats; circ = circumferences; 
HR = heart rate. Solid circles = supine; squares = 200 tilting; 
triangles = 400 tilting; open circles = 60 ° tilting. 
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Table 2. Hemodynamic and Doppler Variables in Group 2 Subjects in the Supine Position and at Different Degrees of Head-Up Tilting 
20 Tilt 4(} °Tilt 600 Tilt 
Supinc 10 rain 45 rain 10 min 45 min l0 rain 45 rain 
Heart rate (beats/min) ~,4 - 3 
Arterial pressure (mm Hg) 
Systolic I lU - 15 
Diastolic ~-  5 
Stroke volume (ml) Sl - S 
Cardiac output (ml/min) 5.2011 - N)0 
Left ventricle 
Systolic diameter (ram) 311 - 2 
Diastolic diameter (ram) 47 - 2 
Ffs (%) 3. - 4 
Mitral flow 
Peak E wave velocity (m/s) [l.~S3 - li.21 
Peak A wave velocity (m/s) [I.49 ": [LI[! 
Peak E/A wave velocity ratio 1.7 :: li.3 
Right ventricle 
Diastolic area (cm 21 I5 :: {i.l 
Tricuspid flow 
Peak E wave velocity (m/s) 0.5, - 0.119 
Peak A wave velocity (m/s) 0.37 :' 0.114 
Peak E/A wave velocity ratio 1.5 ~: ().2 
66 + 5 It6 + 5 ¢~5 * 4 71) + 7:[: 78 ± 111" 80 + 11 
12(1 - l{I 117 -~ 125 117 ± 9 117 -+ 9 116 ± 13 118 + ll 
6g : 2 72 ± 25 75 : 7* 74 _+ 4 74 + 7* 79 -- 6:I: 
75 : 8 72 ± It} 7(} : 9* 66 -+ I1 61 + II* 62-+ 11 
4,900 _-_ 800 4,N)0 ± g0ll 4,500 - 601)* 4,600 _+ 8(1(I 4,800 + 850 4,800 _+ 880 
311:2 31 ~2 29 :3  31_+2 30-+2 28_+2 
47-2  47::2 46-  1 46 +2 45±11" 44-2  
35 - 4 34 ~ 5 3t~- 6 32 ± 4 33 ± 4 35_+ 4 
[I.74 - [I.18 ~ 11.73 ± 11.20 11.65 = 0.13t 0.65 + 0.15 0.62 + 0.131" 0.60 +- 0.14 
IL47 - [I.10' 0.49 ± (}.12 [I.43 : 0.05* (I.45 + (L l l  0.42 ± (/.06' 0.42 + 0.06 
1.6 " 0.2 1.5 f 0.2,+ [.5 + I).2" 1.5 _+ 11.2 1.5 ± 0.2* 1.4 ± 0.3:I: 
12 + (1.15" 12 + I}.2 11 + 0.15" 10 __+ 0.1 10 ± (I.51" 10 ±/ )A  
1[.45 _* (UI7t 0.45 +_ 11.04 0.42 + 0.08# 11.44 + 0.03 0.38 + 0.041' 0.36 + 0.05 
11.34 + 0.114 0.34 ~ (I.03 I).34 + 0.06 0.34 + 1/.03 0.31 ± 0.04 0.30 _+ 0.04 
1.3 ± 0.3t 1.3 ± 11.3 1.2 ± 0.1~ 1.3 _+ 0.2 1.2 + 0.21 1.2 _+ 0.2 
*p < 0.05, +p < 11.001 versus upine. Sp < iU!5 ~crsus 10 min. Data are presented a~ mean value -.. SD. A - peak late atrial velocity; E = peak early inflow velocity; 
E/A ratio of early to late peak atrial velocilx: Ffs - fractional shortening. 
0.48 +_ 0.09 m/s; both values were significantly (p < 0.05) 
decreased at all levels of tilting; the decreases tended to be 
greater with greater degrees of tilting, but these differences 
were not statistically significant. At 60 ° head-up positioning, 
left and right ventricular peak E velocities were. respectively, 
20% and 21c/c less than values in the supine position. Baseline 
left peak A velocity averaged 0.47 _+ (I. 1 m/s and the right peak 
A velocity averaged 0.33 + 0.08 m/s; neither value varied 
significantly during the study. The E/A peak velocity ratio, 
which at baseline averaged 1.7 - 0.4 on the left side and 1.5 -+ 
Figure 2. Group 1. Right ventricular {R'~) diastolic area and left 
ventricular (LV) systolic (open bars) and diastolic (solid bars) dimen- 
sions in the supine position and at different degrees of tilting. :~:p :: 
0.05, #p < 0.001 compared with value in the supine position. 
20 ° 40 ° 60 ° 
RV Diasto4ic Area 19 
oT 
LV Diameters 50. 
(ram) 
40. 
30 
20. 
10. 
0, 
Supine 1 10 1 10 1 10 
Time (min) 
0.4 on the right side, decreased significantly during tilting, 
starting at 20 ° (Table 3). These variations were not related to 
those in heart rate (Fig. 4). The early decelerat ion slope on 
both sides of the heart tended to increase with increased angles 
of tilting (p = NS). Time-velocity integrals of the E and A 
waves on the left side of the heart were not affected by tilting, 
but both were significantly (p < 0.05) diminished on the right 
side at 20 ° , 40 ° and 60 ° head-up positioning; differences with 
increasing orthostatic stimulation were not significant. Accord-  
ingly, the percent of the total flow velocity integral of the A 
wave remained close to 26% on the left side and 30% on the 
right side of the heart throughout the study. Isovolumetr ic 
relaxation time was not affected by head-up positioning. 
Group 2. In group 2, peak E and A velocities and the E /A  
peak velocity ratios of either side of the heart were similar to 
those in group 1, both in the supine position and after 10 rain 
of 20 °, 40 ° and 60 ° head-up tilting. No significant variations 
were detected when interventions were prolonged to 45 rain 
(Table 2). 
Discuss ion  
Ventricular interdependence. Changes in venous return 
evoke a wide range of cardiovascular esponses that act to 
maintain cardiac output. Some of these are mediated through 
the autonomic nervous system (5,24-26). This study at tempted 
to elucidate how the two ventricles adjust and compensate for 
the decreased venous return and whether  the mechanism of 
ventricular interdependence may have some role. 
If the traditional var iab les - -hear t  rate, blood pressure and 
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left ventricular dimension--are taken into account, it would 
appear that the stimulus of a 20 ° tilt was not strong enough to 
reduce venous return. However, the right ventricular diastolic 
area was decreased by 18% from baseline, transmittal and 
transtricuspid peak E velocities were reduced by 14% and 
17%, respectively, and the E/A peak velocity ratio decreased 
by 6% and 13%, respectively. It appears that this stimulus did 
indeed diminish venous return, that the heart had adapted to 
a reduced preload and that mechanisms other than the auto- 
nomic nervous ystem maintained cardiac output. 
Increased distension of either ventricle during diastole 
alters the compliance and geometry of the opposite ventricle 
(15). Using nitroglycerin, Ludbrook et al. (27) caused a 
displacement of the left ventricular diastolic pressure-volume 
curve that may be related to alterations in filling of the right 
Figure 3. Two-dimensional echocardiographic images from the car- 
diac apex with delineation of the right ventricle at end-diastole. Images 
were taken while the subject was in the supine position and after 
10 rain of 20 °, 40 ° and 60 ° tilting. 
ventricle or to changes in intrapericardial pressure, or both 
(28). 
Diastolic ventricutar interdependence an explain results 
obtained when subjects were tilted at an angle of 20°: Right 
atrial pressure and right ventricular volume decrease in re- 
sponse to reduced venous return; the right ventricular volume 
reduction will increase left ventrieular diastolic compliance 
and reduce left atrial pressure, in effect making it easier to fill 
the ventricle. Immediately after tilting, the pulmonary blood 
reservoir would maintain left ventricular filling and output and 
Table 3. Doppler Left and Right Vcntficular Filling Variables in Group 1 Subjects inthe Supine Position and at 1 and 10 Minutes of Different Degrees of 
Head-Up Tilting 
20 ~ Tilt 40 ° Tilt 60 ° Tilt 
Supine 1 min ll) rain 1 rain 10 min 1 min 10 rain 
Left ventricle 
Mitral flow 
Peak E wave vekxzi~, (~'s) I).81 + 0.12 0.71 + 0.10" t!.60 ~_ {).11" 0.67 _+ 0.l 1" 0.67 _+ 0.09* 0.65 _+ 0.13" 0.65 _+ 0.13" 
Peak A wave velocity` (m/s) I).47 ÷ 0.10 0.45 ÷ 0.11 {).46 z {).(F) 0.47 ± 0.08 0.46 _+ 0.11 0.49 _+ 0.12 0.48 _+ 0.12 
Peak E/A wave velocity, ratio 1.7 * 0.4 1.7 ± It,6 1.6 - 0.4* 1.5 + ().2t 1.5 ± 0.2~ 1.3 -+ 0.4-1" 1.4 -+ 0.3"{" 
Early deceleration slope (m,s 2) 185 ~ 31 192 _+ M 191 * 35 195 +_ 31 203 _+ 45 1% _+ 52 198 _+ 42 
Filling velocity integral of E wave (cm) 13 + 3 12 + 3 I l * a 12 _+ 4 12 _+ 2 12 _+ 4 12 _+ 5 
Filling velocity integral of A wave (cm) 4.6 ~ 2 4.6 ± 2 4.6 + 2 4 ± 1 4 + 2 4.5 ± l 5 + 3 
% of total flow velocity integral of A wave 26 ~ 15 27 + 14 29 + 13 25 * 15 26 + 16 ~ ± 14 28 ± 14 
lsovolumetric relaxation time (ms) 87 - 22 8') + 20 87 ± 20 96 *_ 21 85 ± 17 91 ± 18 92 ± 18 
Right ventricle 
Tricuspid flog' 
Peak E wave velocity (m/s) 11.48 _- 0.00 0.42 + 0.08* 0.~) _+ 0.07* 0.3') _+ 0.07* 0.37 + 0.08* 0.35 + 0.08* 0.38 ± 0.15" 
Peak A wave velocity (m/'s) 033-0 .08  0.31 + 0.(kq 0.32+0.09 (I.29+0.09 030+0.06  0.30+0.09 0.31 _+0.08 
Peak E/A wave vekx:ity ratio 1.5 - (I.4 1.4 + 0.2t 1.3 ± 0.5+ 1.4 - 0.3I 1.3 ± 0.2? 1.2 ± 0.21 1.2 _+ 0.61 
Early deceleration slope (m/s 2) 1')2 = 3'0 206 + N. 215 ± 42 218 + 46 212 ± 56 217 ± 56 214 _+ 58 
Filling velocity` integral of E wave (cml 10 + 3 8 + 3* 8 ± 3* 8 + 3* 8 + 3* 7 + 3* 7 _+ 3* 
Filling velocity integral of A wave (cm) 4 - 2 3 + 1 * 3 _+ 1' 3 = 1' 3 + 1 * 3 ± 1'  3 _+ 2* 
% of total flow velocity integral of A wave 31) + 7 29 + 7 30 ± 6 29 + 6 31 + 7 32 + 6 30 + 6 
*p < 0.05, +p < 0,001 versus supine. D',ta are presented as mean value ± SD. Abbreviations as in Table 2. 
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Figure 4. Plot of changes, with different angles of tilting, in peak early 
inflow velociW (E) to peak late atrial velocity (A) ratio (E:A) of the 
right and left ventricles versus changes in heart rate (HR). Variations 
in the right and left E/A ratios are not related to changes in heart rate. 
b = beats. Squares = 20 ° tilting; triangles = 40 ° tilting; open circles - 
60 o tilting. 
compensate for an immediate decrease in right ventricular 
stroke volume (10). Pulmonary. pressure reduces with tilting; 
lung blood volume decreases by 27% on assumption of the 
upright position (29). These changes may facilitate right ven- 
tricular emptying, by reducing impedance to ejection, as well as 
filling, by lowering the intrapericardial pressure (30,31). As 
discussed later, the diminished peak E velocities with tilting are 
consistent with these interpretations. Thus, the normal heart 
seems to be capable of compensating for a mild or moderate 
reduction of venous return, mainly through hemodynamic 
adjustments occurring within the heart and the lungs. 
Autonomic influences. With more pronounced egrees of 
venous return restraint, these adjustments were probably in- 
sufficient and the decrease of stroke volume was partially 
compensated for by an increase in heart rate (11). It is 
interesting to discuss at this point the possible role of auto- 
nomic nervous system in the setting of the mechanism de- 
scribed here. At 400 and 60 ° positioning, transmittal and 
transtricuspid peak E velocities were reduced and were not 
associated with changes in isovolumetric relaxation time (4,8), 
a noninvasive marker of isovolumetric relaxation (32); right 
and left peak A velocities, E/A ratios and percent of total flow 
velocity integrals of the A wave were steady. A reasonable 
interpretation might be that the atrial-ventricular pressure 
difference was reduced bilaterally as a consequence of a 
reduction of right and left atrial pressures (2,15,24,33) and that 
the effectiveness of the atrial contribution to ventricular filling 
persisted at any degree of venous impedance. In contrast, right 
ventricular diastolic dimension tended to show slight addi- 
tional decreases in parallel with gradual vertical displacement 
of the subject, possibly resulting in further improvement of left 
ventricular compliance. Together these data, suggest hat the 
mechanisms of ventricular interdependence and pericardial 
constraint were still active and were not interfered with by an 
autonomic intervention. The lack of correlation between 
changes in heart rate and changes in left and right E/A peak 
velocity ratios (34) supports this possibility. 
Cardiac contractility and fainting. At any degree of tilting, 
values for mean midwall velocity of circumferential fiber 
shortening and fractional shortening were similar to those in 
the supine position for any corresponding stress. It seems that 
activation of the ventricular interdependence mechanism did 
not interfere with left ventricular systolic performance, and 
that the autonomic intervention exerted a greater chronotropic 
than inotropic effect. This finding is consistent with the concept 
that activation with tilting of the cardiopulmonary barorecep- 
tor reflex in humans (25) causes constriction of vessels of the 
forearm without changes in cardiac contractility (35). We did 
not explore in the present study any possible role of sympa- 
thetic stimulation or parasympathetic withdrawal in determin- 
ing the observed dissociation between heart rate and contrac- 
tility. Thus, at least within the limits of the stimuli applied in 
this study, the mechanisms acting within the chest are funda- 
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mental to the physiologic adaptation to changes in posture 
resulting in reduced venous return. 
Head-up tilting may cause fainting. Current views suggest 
that fainting results from inappropriate stimulation of recep- 
tors located in the left ventricle, which contracts vigorously 
around an almost empty chamber (36), or from sudden col- 
lapse of unfilled atria (mainly the right atrium) and great veins, 
which could signal the false information to the brain that the 
heart is overfilled rather than underfilled (37). The results in 
our group 2 indicate that in normal persons the adaptive 
mechanisms to reduced venous return do not become ex- 
hausted with prolonged intervention, and there are no sudden 
changes in left ventricular contractility and in the contribution 
of the atria to ventricular filling that may herald fainting. 
Study limitations. This study suffers from the obvious 
limitations related to the noninvasive technique, mainly re- 
garding measurements of ventricular size. Dimensions of the 
right ventricle can vary depending on the position and angu- 
lation of the transducer aswell as on the position or rotation of 
the heart within the chest. This may be particularly true of our 
patients, who underwent tilting as part of the study. To obviate 
these difficulties as much as possible, we always performed 
two-dimensional echocardiography from the point of maximal 
cardiac impulse and manipulated the ultrasound beam so as to 
record the maximal right ventricular dimension (23). The 
degree of tilting and reduction i  right ventricular size were not 
significantly related to each other, although one would expect 
such a relation if measurements had been markedly influenced 
by changes in heart position. 
Precise calculation of left ventricular volume by using 
two-dimensional echocardiography requires determination f 
multiple cross-sectional areas between the apex and base of the 
cavity and measurement of the long axis of this chamber (38). 
This type of evaluation cannot be performed efficiently during 
a head-up tilting study. However, concerns that changes in 
ventricular dimensions may not represent changes in volume 
are unlikely to be relevant in our group of subjects, who had no 
dyskinesia or wall motion abnormalities. The significance of 
ventricular volumes in this study was more qualitative than 
quantitative. 
The usual pitfalls known to occur in the Doppler assess- 
ment of the mitral valve can occur in measuring tricuspid flow 
(18). An interrogation parallel with the direction of flow was 
most often obtained for the tricuspid valve by using a trans- 
ducer position midway, between the apex and parasternal 
region. 
Conclusions. The normal human heart behaves as a single 
functional unit during restraint of venous return; reduction of 
preload on one side influences the adaptation ofthe other side 
to the same stimulus; the mechanism of ventricular interde- 
pendence participates in the maintenance of an adequate 
pump function; the autonomic notropic effects do not seem to 
play a primary role; reduction of lung blood volume may 
participate in the cardiac adjustments to ventricular underfill- 
ing, indicating the possibility of a biventricular-lung interac- 
tion. 
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